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Abstract
The observation of the electroweak production of a Z boson with two jets in pp collisions at
√
s = 8 TeV with the
CMS experiment at the CERN LHC is presented, based on a data sample with an integrated luminosity of 19.7 fb−1.
The cross section measurement, combining the muon and electron channels, is in agreement with the theoretical
expectations. Radiation patterns of selected Z plus two jets events, and the hadronic activity in the rapidity interval
between the jets are also measured. These results are of substantial importance in the more general study of vector
boson fusion processes, of relevance for Higgs boson searches and for measurements of electroweak gauge couplings
and vector boson scattering.
1. Introduction
In proton collisions at the LHC Vector Boson Fusion
(VBF) happens when a valence quark of each one of the
colliding protons radiates a W or Z boson that subse-
quently interact or “fuse”. For both valence quark radi-
ating the weak bosons a t-channel four-momentum with
Q2 ∼ m2Z ,m2W is exchanged. In this way the two va-
lence quarks are typically scattered away from the beam
line and inside the detector acceptance, where they can
be revealed as hadronic jets. The distinctive signature
of VBF is therefore the presence of these two energetic
hadronic jets (tagging jets), roughly in the forward and
backward direction with respect to the proton beam line.
The VBF production has a great prominence at the
LHC for its importance for the measurements of the
Higgs sector couplings [1, 2]. The study of the VBF
production of Z or W bosons is therefore an important
benchmark to cross-check and validate Higgs VBFmea-
surements [3], but serves further as a probe of triple-
gauge-boson couplings [4], for searches for physics be-
yond the standard model [5, 6], and as a precursor to the
measurement of elastic vector boson pair scattering.
On the other hand the VBF production of Z or W
bosons has some intriguing diﬀerences with respect to
the Higgs VBF productions. When focusing on VBF
Z/W production, the observed ﬁnal state is composed of
a pair of fermions (ﬀ), either quarks or leptons, from the
Z/W decay, associated with a pair of quarks (qq) from
the VBF production mechanism; but in this context
there is a large number of non-VBF diagrams that lead
to identical ﬀqq ﬁnal states that can’t be neglected [7].
Considering only the classes of diagrams with purely
electroweak (EW) interactions, (like the VBF one),
shown in Figure 1, and no QCD interactions, the addi-
tional diagrams have strong negative interferences with
the VBF productions. These large negative interference
eﬀects are in fact related to well-known non-abelian
gauge cancellations that preserve the scattering unitarity
and the electroweak model theory renormalizability [8].
This situation makes the VBF Z/W channel more com-
plicated but also more interesting.
Another main scope of selecting “VBF-like” Z plus
two jets events, is to study the event hadronization prop-
erties connected with the peculiar VBF production color
structure. In VBF processes and more in general also
for the contributing electroweak processes with iden-
tical ﬁnal states, there is no t-channel color exchange.
This leads to the expectation of a “rapidity gap” of
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Figure 1: Representative Feynman diagrams for dimuon plus dijet productions in proton-proton collisions. Electroweak contributions: (far left)
vector boson fusion, (center-left) Z-strahlung, (center) multiperipheral production. Mixed electroweak and strong contributions: (center-right)
identical to electroweak, (far right) with diﬀerent initial and ﬁnal state.
suppressed hadronic activity between the two tagging
jets that is a very peculiar feature, in particular in the
case of a large rapidity separation between the two tag-
ging jets [9, 10, 11]. Measurements of the additional
hadronic activity in the rapidity gap provides a precious
validation of the Monte Carlo models simulations and
benchmark results for the use of rapidity gap observ-
ables, like jet vetoes, in independent VBF event pro-
ductions (e.g. for Higgs selections).
At the LHC, the EW Z plus two jets process was
ﬁrst measured by the CMS experiment using pp colli-
sions at
√
s = 7 TeV [12], and more recently by both
the ATLAS and CMS experiments with
√
s = 8 TeV
data [13, 14]. The results presented here will focus on
the most recent CMS results using pp collisions col-
lected at
√
s = 8 TeV and corresponding to an inte-
grated luminosity of 19.7 fb−1 [14]. Diﬀerent methods
have been used to conﬁrm the presence of the signal:
two multivariate analyses methods (A) and (B) as devel-
oped for the 7 TeV analysis [12], and new method (C)
with a data-driven model of the main Drell-Yan (DY)
background.
2. Event reconstruction and simulation
A detailed description of the CMS detector can be
found in Ref. [15]. The central feature of the CMS
apparatus is a superconducting solenoid of 6 m in-
ternal diameter providing a ﬁeld of 3.8 T. Within
the ﬁeld volume are a silicon pixel and strip tracker,
a crystal electromagnetic calorimeter (ECAL), and a
brass/scintillator hadron calorimeter (HCAL) providing
coverage for pseudorapidities |η| < 3. The forward
calorimeter modules extend the coverage of hadronic
jets up to |η| < 5.
Electrons are reconstructed from clusters of energy
depositions in the ECAL that match tracks extrapolated
from the silicon tracker [16]. Muons are reconstructed
by ﬁtting trajectories based on hits in the silicon tracker
and in the outer muon system [17].
Jets are clustered using the anti-kT algorithm [18]
with a distance parameter of 0.5. Two diﬀerent types
of jets are used in the analysis: jet-plus-track (JPT) and
particle-ﬂow (PF) jets. The JPT jets are reconstructed
calorimeter jets whose energy response and resolution
are improved by incorporating tracking information ac-
cording to the JPT algorithm [19]. The CMS particle
ﬂow algorithm [20, 21] combines the information from
all relevant CMS sub-detectors to identify and recon-
struct particle candidates in the event, and PF jets are
reconstructed clustering particles identiﬁed by the par-
ticle ﬂow algorithm.
The signal is deﬁned as the pure EW production of
jj ﬁnal states in the kinematic region deﬁned by dilep-
ton mass M > 50 GeV, parton transverse momentum
pTj > 25 GeV, parton pseudorapidity |ηj| < 5, diparton
mass Mjj > 120 GeV.
Signal events are simulated at leading order (LO)
using the MADGRAPH Monte Carlo (MC) genera-
tor [22, 23], interfaced to PYTHIA (v6.4.26) [24] for
parton showering (PS) and hadronisation. The underly-
ing event is modeled with the so-called Z2∗ tune [25].
The predicted signal cross section is σLO(EW jj) =
208 ± 16 fb, for a single lepton ﬂavor.
Background DY  events are also generated with
MADGRAPH using a LO matrix element (ME) calcu-
lation that includes up to four partons generated from
quantum chromodynamics (QCD) interactions, and in-
terfaced to PYTHIA for PS. The ME-PS matching is
performed following the ktMLM prescription [26, 27].
Possible LO interference eﬀects between the EW sig-
nal and DY processes have been evaluated making use
of MADGRAPH, comparing the diﬀerential distribu-
tions of samples with (i) pure signal, (ii) pure DY plus
two partons, and (iii) both signal and DY together.
Other residual backgrounds from ditop (tt) and di-
boson (VV) productions are generated with MAD-
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GRAPH, while single top productions are generated
with POWHEG [28].
The CMS detector simulation, based on
GEANT4 [29, 30], is applied to all the generated
signal and background samples. The presence of multi-
ple pp interactions in the same beam crossing (pileup)
is incorporated by simulating additional interactions
(both in-time and out-of-time with the collision) with a
multiplicity that matches the one observed in data. The
average number of pileup events in the 8 TeV data is
estimated as ≈21 interactions per bunch crossing.
3. Event selection and Drell-Yan background model
Opposite sign lepton pairs are selected with validated
CMS algorithms for electrons [16] and muons [17]. A
relative lepton isolation is deﬁned as I =
∑
pTi/pT,
where the sum includes all reconstructed PF objects in-
side a cone of ΔR =
√
(Δη)2 + (Δφ)2 < 0.4 around the
lepton. Each lepton is required to have a transverse mo-
mentum in excess of 20 GeV, and a relative isolation
I smaller than 0.10 and 0.12 for electrons and muons
respectively. The invariant mass M of selected same
ﬂavor leptons is ﬁnally required to satisfy |MZ − M | <
15 GeV, where MZ is the nominal Z-boson mass.
Analyses (A) and (B) make respectively use of PF
and JPT reconstructed jets in the selected events, and
both rely on MC simulations to predict the main DY
plus jets background. Analysis (C) makes use of PF
jets, as analysis (A), but uses a model of DY plus jets
derived from photon plus jets data events [14], where
the requirement pT(Z/γ) > 50 GeV is applied to ensure
a good photon purity. It is further veriﬁed that the data-
driven method works correctly with simulated events.
For the rapidity gap and signal measurements events
are required to have two PF or JPT jets within |η| ≤ 4.7,
with pT > 50, 30 GeV and with a dijet invariant mass
Mjj > 200 GeV for the pT-leading and subleading jets.
4. Event jet radiation patterns
The selected Z plus jets event “radiation patterns” are
studied, and for this, according to the prescriptions in
Ref. [31], only PF jets with pT > 40 GeV are consid-
ered. The investigated observables are : (i) the number
of jets, Nj, (ii) the total scalar sum of the transverse mo-
menta of jets reconstructed within |η| < 4.7, HT, (iii)
Δηjj between the two jets which span the largest pseu-
dorapidity gap in the event, and (iv) the cosine of the az-
imuthal angle diﬀerence, cosΔφjj, for the two jets with
criterion (iii).
Figure 2 shows the average number of jets and the
average cosΔφjj as a function of the total HT and Δηjj.
The plots indicate that the MADGRAPH + PYTHIA
(ME+PS) predictions are in good agreement with the
data, even in the regions of largest HT and Δηjj.
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Figure 2: Jet radiation patterns in selected Z plus jets events. (top left)
Average number of jets with pT > 40 GeV and (top right) average
cosΔφjj, as a function of the total HT. (bottom left) Average number
of jets with pT > 40 GeV and (bottom right) average cosΔφjj, as a
function of Δηjj between the dijet with largest Δη. The ratios of data
to expectation are given below the main panels.
5. Hadronic activity in the dijet rapidity gap
The rapidity gap activity is studied in events with a Z
and two VBF “tagging” PF jets with pT > 50, 30 GeV,
making use of charged tracks only, and with additional
PF jets in a region of higher signal purity.
For the ﬁrst study we use tracks associated with the
main event primary vertex (PV), deﬁned as the PV with
the largest
∑
p2T of the tracks used to ﬁt the vertex, and
exclude tracks associated with the two leptons or with
the tagging jets. A collection of “soft track-jets” is de-
ﬁned by clustering the selected tracks using the anti-kT
algorithm with R = 0.5. The use of track jets repre-
sents a validated method [32] to reconstruct jets with en-
ergy as low as a few GeV, that is not aﬀected by pileup,
thanks to the PV association [33]. The soft HT vari-
able is deﬁned as the scalar sum of the pT of up to three
leading-pT soft-track jets in the η interval between the
tagging jets. The dependence of the average soft HT for
selected Z plus two jet events as a function of Mjj and
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Δηjj is shown in Fig. 3, and good agreement is observed
between data and the simulation in all ranges.
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Figure 3: Average soft HT computed using the three leading soft-
track jets reconstructed in the Δηjj pseudorapidity interval between
tagging jets with pT > 50, 30 GeV. The average soft HT is shown
as function of: (left) Mjj and (right) Δηjj for both the dielectron and
dimuon channels. The ratios of data to expectation are given below
the main panels.
The rapidity gap interval has also been studied using
PF jets with pT > 15 GeV, in the Mjj > 1250 GeV region
with higher signal purity, to examine possible evidence
of the color exchange suppression for the EW signal
component. Results are shown in Fig. 4 for the addi-
tional jet multiplicity in the dijet rapidity gap, where the
data, in agreement with the MC expectations, indicates
the presence of the EW signal with a suppressed third jet
emission compared to the background-only prediction.
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Figure 4: Additional jet multiplicity with pT > 15 GeV within the
Δηjj of the two tagging jets in events with Mjj > 1250 GeV. In the
main panels the expected contributions from signal, DY, and residual
backgrounds are shown stacked, and compared to the observed data.
The signal-only contribution is superimposed separately and it is also
compared to the residual data after the subtraction of the expected
backgrounds in the insets. The ratio of data to expectation is repre-
sented by point markers in the bottom panels. The total uncertainties
assigned to the expectations are represented as shaded bands.
6. Signal measurements
The three analyses make use of multivariate boosted
decision tree (BDT) discriminators to acquire the best
expected separation of signal and background sources.
The BDTs make mostly use of the dijet and Z boson
kinematics, with the addition of a quark/gluon (q/g) jet
discriminator [12] as both signal jets are originated from
quarks while the jets in background events are more
probably initiated by gluons emitted from QCD pro-
cesses.
BDT output distributions for the diﬀerent analyses
are shown in Fig. 5, where a good overall agreement
is observed between the data and the MC predictions.
To measure the signal cross-section, each analysis
builds a binned likelihood based on the BDT output dis-
tributions that is used to ﬁt strength modiﬁers for both
the signal and the main DY background. Nuisance pa-
rameters are added to modify the expected rates and
shapes according to the estimate of the systematic un-
certainties aﬀecting each analysis. Possible interference
eﬀects between the signal and the DY background pro-
cesses is taken into account in the ﬁt, with a parameter-
isation derived from MADGRAPH, as a function of the
Mjj variable. The statistical methodology used follows
what used in CMS Higgs analysis [34] using asymptotic
formulas [35].
A summary of ﬁtted signal strengths is reported in
Table 1, together with the breakdown of all relevant
uncertainties. The signal strength obtained from the
combined ﬁt of two channels in analysis A is μ =
0.84 ± 0.07(stat) ± 0.19(syst) corresponding to a mea-
sured signal cross section
σ(EW jj) = 174 ± 15(stat) ± 40(syst)fb,
with the background-only hypothesis excluded with a
signiﬁcance greater than 5σ.
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